Six discrete protease activities were recovered from the supernatant broth of Legionella pneumophila cultures by ion-exchange chromatography. One of these demonstrated in vitro activity against collagen, casein and gelatin. When administered into the lungs of guinea-pigs this protease elicited lesions which were pathologically similar to those seen in clinical and experimentally induced Legionnaires' disease.
Separation of Legionella pneumophila Proteases and Purification of a Protease Which Produces Lesions Like Those of
Six discrete protease activities were recovered from the supernatant broth of Legionella pneumophila cultures by ion-exchange chromatography. One of these demonstrated in vitro activity against collagen, casein and gelatin. When administered into the lungs of guinea-pigs this protease elicited lesions which were pathologically similar to those seen in clinical and experimentally induced Legionnaires' disease.
I N T R O D U C T I O N
In human Legionnaires' disease (Blackmon et al., 198 1) and during experimental pulmonary infection of guinea pigs (Baskerville et al., 198 1, 1983) , Legionella pneurnophila gives rise to an acute fibrinopurulent pneumonia. The bacterial components and host tissue factors which contribute to the pulmonary damage are not understood. In experimental pneumonias caused by Serratia marcescens (Lyerly & Kreger, 1983) and Pseudomonas aeruginosa (Gray & Kreger, 1979; Woods et al., 1982) , proteases have been shown to be key components in the pathogenesis of pulmonary lesions. Immunization with proteases confers protection against lethal pneumonia in mink (Homma et al., 1978) and mice (Lyerly & Kreger, 1983) infected with P. aeruginosa or S. marcescens, respectively. The difference in gelatinase profiles demonstrated for virulent and avirulent strains of Bacteroides nodosus (Kortt et al., 1983) indicates also that some protease activities may be virulence determinants.
There has been speculation about the possible involvement of proteases in the pathogenesis of Legionnaires' disease but no studies of in vivo effects of Legionella proteases have been reported. Many extracellular proteolytic enzyme activities have been described for Legionelfa pneumophila, including chymotrypsin-like (Berdal et al., 1982) , caseinase (Thompson et al., 1981 ; Berdal & Fossum, 1982) , gelatinase (Thompson et al., 1981) , serum protein degrading protease (Muller, 1980) and multiple aminopeptidase (Muller, 198 1) activities. To date these activities have been demonstrated either in supernatants of broth cultures or by growing L. pneumophila on solid media containing specific substrates. Consequently it is not known whether the observed activities are due to one or a few enzymes, each with broad specificity, or to several highly specific enzymes. This paper describes the isolation from L. pneumophila of six discrete proteases, one of which causes pulmonary damage consistent with the pathological findings in legionellosis. The detailed pathology of the protease-induced damage is the subject of a separate report (Baskerville et al., 1986) . Culture conditions. Stock cultures, stored at -70 "C, were thawed and used to inoculate starter cultures in 100 ml yeast extract broth (YEB; Ristroph et al., 1980) in 500 ml flasks, incubated aerobically at 37 "C for 24 h on an orbital shaker. Purity was then checked by Gram's stain and by the ability of the organism to grow on CYE agar but not on blood agar. Cultures for enzyme production (500 ml YEB in 2-litre flasks) were inoculated with 5 ml starter culture and incubated as above for 16 h. Organisms were removed by centrifugation at 1500 g for 1 h and the supernatant YEB was sterilized by membrane filtration (Pall 0.22 pm filters).
Enzyme separation. All steps were performed at 4 "C. Sterile supernatant broth was concentrated 100-fold over a YMlO filter (Amicon; M , cut-off > 10000) in a stirred cell. The concentrate was dialysed against 0.05 M-Tris/HCl pH 8-5 (buffer A) containing 0.1 M-NaCl and 12 ml applied to a column (2.2 x 40 cm) of DEAE-cellulose (pretreated according to the manufacturers' instructions) equilibrated with 0.1 M-NaCl in buffer A. Using a flow rate of 15 ml h-l and collecting 10 ml fractions, the column was eluted with 120 ml starting buffer and then with a linear gradient of NaCl ( 0 . 1 4 5 M in buffer A; gradient volume 600 ml). The column was washed finally with 300ml 1 . 0~-N a C I in buffer A. Individual fractions were assayed for enzyme activities as described below. Fractions containing discrete enzyme activities were pooled separately, concentrated to their starting volumes (12.0 ml) and assayed in the guinea pig skin test (see below).
PuriJication of' tissue-destructive protease. Supernatant broth from 16 h cultures was concentrated 200-fold (YM10) and 20 ml of the concentrate dialysed against 0.05 M-Tris/HCl pH 7.5 containing 0.005% NaN3 (buffer B) and applied to a Sephadex G-100 column (3.2 x 90 cm). The column was eluted with buffer B at a flow rate of 15 ml h-l, and 10 ml fractions were assayed individually for enzyme activities as described below. Fractions causing casein precipitation were pooled, concentrated (YM5, Amicon), dialysed against buffer A containing 0.1 M-NaCI and applied to a DEAE-cellulose column (2.2 x 40 cm). The column was washed with 1 vol. starting buffer then with a 0-1-1.0 M-NaC1 gradient of equivalent slope to the 0.1-0.5 M gradient used above. Caseinprecipitating fractions were re-concentrated, dialysed against buffer B and applied to a Sephadex G-50 column (2-2 x 90 cm). This was eluted at a flow rate of 5 ml h-l and 5 ml fractions were collected. SDS-PAGE. Lyophilized samples containing 20-80 pg protein were analysed using the Laemmli (1970) buffer system with a 12% separating gel. Running conditions were 25 mA until the bromophenol blue tracking dye had migrated to within 1 cm of the bottom of the gel. After electrophoresis, gels were stained in a 0.05% solution of Coomassie brilliant blue in acetic acid/2-propanol/H20 (1 : 2 : 7, by vol.) overnight at 37 "C, and destained in several changes of acetic acid/2-propanol/H20 (1 : 1 : 8, by vol.).
Enzyme assays. (a) Using synthetic substrates. Chromogenic p-nitroanilide substrates were dissolved in distilled water to 1.0 mM. CBZ-nitrophenyl substrates were dissolved in DMSO and diluted to 0.1 mM in water immediately before use. Assays were done in 96-well microtitre plates with 50 p1 test material, 100 pl0.05 M-sodium phosphate buffer pH 7.0 and 100 pl substrate in each well. The plates were covered, incubated at 37 "C for 1 h and colour read at 405 nm on a microplate reader (Titertek Multiscan).
For more accurate quantification of enzyme activities, 50 p1 test solution was added to a mixture (at 37 "C) of 0.5 ml substrate and 2 ml phosphate buffer pH 7.0 in a 1 cm cuvette. Using heat-inactivated test solution (100 "C, 10 min) as a blank, the absorbance at 405 nm was measured in a spectrophotometer (Pye-Unicam SP500) with a sample compartment at 37 "C. Enzyme activities were expressed as pmol product released min-l at 37 "C and specific activities calculated on the basis of protein content of the sample measured by the method of Bradford (1 976).
(b) Usingprotein substrates. Collagenase and elastase activities were assayed by incubation at 37 "C of 100 p1 test solution with 20 mg of the appropriate dye-impregnated substrate in 5 ml 0.05 M-phosphate buffer pH 7.
Gelatinase activity was detected using gelatin incorporated into agar [0.25 % (w/v) gelatin (Difco), 1.0% (w/v) agar, 0.001 % (w/v) NaN3 in 0.2 M-Tris/HCl pH 7.21. Molten gelatin-agar (20 ml) was poured into 12 cm Petri dishes, test materials (50 pi volumes) were placed in wells (4 mm diameter) cut in the solidified medium and the dishes were incubated for 16 h at 37 "C. The gels were then treated with a solution of 15% (w/v) HgClz in 2 M-HC~, causing the gelatin-agar to become milky white except for clear zones where proteolysis had occurred. Caseinprecipitating activity was measured by a similar method using a medium containing 1.0% sodium caseinate (Difco), 1.0% agar and 0.001 % NaN3 in 50 mM-phosphate buffer pH 6.2. After incubation, caseinase activity was evident as a zone of precipitate around positive wells without any treatment of the medium. Caseinase activity could not be quantified by measuring the zones of precipitation. A limiting dilution technique was therefore used; 1 unit of activity was defined as the amount of enzyme required to yield the smallest detectable zone of precipitate.
Animalstudies. Female Dunkin Harley guinea pigs of category 4 health status (Medical Research Council, 1974 ) and weighing 350-450 g were used.
(a) Intradermal inoculation. A doubling dilution series of test material was made in PBS (8 g NaCl, 0.2 g KCI, 1.15 g Na2HP04 and 0.2 g KH2P04 per litre, pH 7.2) and 100 pl of each dilution injected into a site on the shaved flank (eight sites per animal). Reactions were examined after 2 h and scored in comparison to controls (detailed in Results).
(b) Zntrarracheal and intranasal inoculation. Guinea pigs were anaesthetized with ether, and 0.5-0.8 ml concentrated culture supernatant or protease solution was instilled into the nostrils. Control animals were given concentrated culture medium or heat-inactivated protease, respectively. Another group was anaesthetized by intraperitoneal injection of a mixture of Midazolam ('Hypnovel', Roche Products) and fentanyl citrate-fluanisone ('Hypnorm', Crown Chemical Co.) and the trachea was surgically exposed via a ventral mid-line incision in the neck. Protease solution or control medium was inoculated intratracheally and the skin incision closed with metal clips.
Pathology. Animals were killed with ether 0.5 h, 3 h, 24 h, and 2, 3 and 4 d after inoculation and the trachea and lungs were removed en bloc. For light microscopy the trachea, lungs, brain, liver, kidney and heart were fixed in 10% (v/v) buffered neutral formalin, processed by standard procedures and embedded in paraffin wax. For histological investigation of the skin reactions, animals were killed at 3 h and 24 h and the areas of skin bearing lesions were excised. Blocks of tissue were taken to include the entire lesion, fixed in formalin, and processed as above. Sections from all tissues were cut at 5 pm and stained with haematoxylin and eosin. Selected sections were stained by the methods of Verhoeff-van Gieson (Culling, 1963) and Gordon and Sweet (Culling, 1963) .
RESULTS

L. pneumophila proteases
Culture supernatants of both Corby and Corby avirulent strains of L. pneumophila contained alanine aminopeptidase (Ala-AP), Lys-AP, Phe-AP, two Leu-APs and a chymotrypsin-like activity as demonstrated by cleavage of the chromogenic tripeptides S2561 and S2586. Collagenase, gelatinase and casein-precipitating (caseinase) activities were also found, No elastase, tyrosine-AP or proline-AP activities were detected.
Ion-exchange separation of proteases DEAE-cellulose chromatography of culture supernatant resulted in separation of all the above activities against chromogenic substrates into distinct peaks (Fig. 1) . A number of gelatinases (Fig. 2a) , producing zones of hydrolysis of different size, were also resolved. These coincided with activities against the chromogenic substrates except for Lys-AP where gelatinase activity was associated with the front and tail, but not with the peak, of enzyme activity. The strongest gelatinase activity was associated with fractions which cleaved S2586, extending into adjacent fractions which lacked detectable activity against S2586. This may simply reflect a difference in sensitivity of the two assays (see also caseinase profile, Fig. 2b) .
The bulk of the caseinase activity also coincided with activity against S2586 (Fig. 2b) , a trace being associated with fractions 50-56. It is possible that the organisms produced other enzymes which degraded casein to non-precipitating products; such enzymes would not have been detected .
Recovery of S2586-cleaving activity from DEAE-cellulose chromatography was consistently poorer than that of caseinase activity (Table 1) . One reason for this anomaly was found when the pool of fractions with activity against S2586 was added to the preceding ion-exchange fractions, which were then re-assayed with S2586 as substrate (Fig. 3) . The cleavage of S2586 was greatly enhanced in the presence of the Leu-AP activities, a synergy further seen in a kinetic study (Fig.  4) . However, two-to threefold enhancement of casein precipitation by the Leu-AP enzymes was
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Fraction no. also observed (Fig. 5) , so that this synergy provides only a partial explanation for the disparity in recoveries seen in Table 1 .
Action of protease on guinea pig skin Fig. 6 shows the reaction to intradermal injection of 100-fold concentrated L. pneumophila culture supernatant and dilutions thereof. Reactions induced by preparations from Corby and Corby avirulent strains were indistinguishable. There was immediate reddening at the site of injection with development of pale central necrosis. The reactions were maximal by 2 h and the subdermal tissue showed haemorrhage and oedema at post mortem (for pathology see below). Purified L. pneumophila lipopolysaccharide, concentrated fresh broth and heat-treated (5 min, 100 "C) concentrated culture supernatant all failed to elicit any reaction in the skin test.
After ion-exchange chromatography, only fractions with S2586-cleaving/casein-precipitating activity elicited the skin reactions shown in Fig. 6 . Pooled, concentrated Leu-AP fractions from either of the Leu-AP peaks gave no detectable increase in skin reaction when injected together with a concentrated pool of S2586-cleaving/casein-precipitating fractions. The latter pool was passed through a Sephadex G-100 column. Activity against casein and S2586 eluted together with tissue-destructive activity over the M , range 38 800-20 200. (There was insufficient protein to obtain a 280nm profile.) Detectable skin reactions were elicited by doses of the G-100-purified S2586-cleaving/casein-precipitating enzyme as low as 2 pg (protein). However, SDS-PAGE analysis of the pooled active fractions from Sephadex G-100 (Fig. 7, lane 4) showed the presence of two closely spaced bands of apparent M , 41 000 and 42000 and a third band of M , 19 800. Comparison with SDS-PAGE of caseinase activity recovered from ion-exchange (Fig. 7,  lane 3) showed that no further separation was achieved by passage through Sephadex G-100.
PuriJication of tissue-destructive protease Because of the above findings, Sephadex G-100 gel filtration was used prior to ion-exchange chromatography to allow treatment of larger volumes of culture supernatant (see Methods). Fig. 1 ) was serially diluted with buffer (1 and 2), Leu-AP 1 (pool A, Fig. 1 ; 3 and 4) or Leu-AP 2 (pool B, Fig. 1 ; 5 and 6), transferred to casein-agar substrate and incubated at 37 "C for 16 h. Fig. 6 . Guinea-pig skin test. L. pneumophilu culture supernatant concentrated 100-fold was serially twofold diluted in PBS, 100 pl samples were injected intradermally into sites along the shaved flank and results observed after 2 h. U, undiluted sample.
When the concentrated pool of ion-exchange fractions containing caseinase activity was then subjected to gel filtration on Sephadex G-50, two peaks of 280 nm absorbance were obtained (Fig. 8) . Maximum activity against S2561 and S2586 substrates was located in the trough between these two peaks, indicating that S2561 and S2586 cleavage required the presence of both protein species. The bulk of the caseinase activity was found in fractions from the first peak of 280 nm absorbance but activity also extended into the second peak. SDS-PAGE of fractions from the first and second Sephadex G-50 peaks (indicated in Fig. 8 ) revealed (Fig. 7, lanes 6 and 7) that the Sephadex G-50 step had separated the two higher M, species from the lower M, species. The minor, lower M, bands present (Fig. 7, lane 6 ) were probably peptide fragments generated by autolysis, otherwise they would have been in a later fraction from the Sephadex G-50 column. Only the fractions from the first Sephadex G-50 peak were active in guinea-pig skin. This pooled material was designated 'tissue-destructive protease'; it possessed collagenase activity but no elastase activity. The enzyme separation and tissue-destructive protease purification procedures have been performed at least four times, yielding nearly identical elution profiles and activities.
Pathology of skin reactions to protease
All skin sites injected with control materials or with enzymes other than casein-precipitating protease were histologically normal. Three hours after intradermal inoculation of 8 pg of purified tissue-destructive protease, or the equivalent (on the basis of casein precipitation) as unfractionated culture supernatant, there was localized haemorrhage from small blood vessels in the upper dermis which was tracking into the subcutaneous adipose tissue. Polymorphonuclear leucocyte (PMN) margination was prominent in affected vessels and groups of PMN had emigrated through the walls. In the most severe lesions there was fresh coagulative necrosis of the dermis. Collagen fibres in these areas had apparently disintegrated, leaving an amorphous eosinophilic zone studded with nuclear debris. By 24 h these lesions had progressed to a severe acute spreading inflammation of the epidermis and dermis. At some sites there were intradermal microabscesses and vesicles, at others total destruction of the epidermis and upper dermis with heavy PMN infiltration of hair follicles, dermis, nerves and adipose layer. There was also coagulative necrosis of many fibres in the muscle layer.
Action of tissue-destructive protease in the lung Only concentrated culture supernatant or fractions with tissue-destructive activity by the skin test were tested in the lung. All materials, including the purified tissue-destructive protease, were active in the lung, yielding qualitatively similar pathology. Because of the semiquantitative nature of the caseinase assay, precise equivalence of treatment was impossible to achieve. All treated animals showed dyspnoea within 15 min of the treatment and many of those inoculated intranasally had nasal haemorrhage at this stage. In a number of experiments 9/35 guinea pigs given concentrated culture supernatant by intratracheal or intranasal inoculation died within 30 min and a further 9/35 died up to 24 h later. The other 17 animals were killed for histopathology and electron microscopy at 1,2,3 or 4 d. In three experiments a total of 15 guinea pigs were given purified tissue-destructive protease at doses up to 80 pg protein. One guinea pig died by 3 h and the remainder died or were killed for histopathology at times up to 3 d. Postmortem examination up to 3 h showed changes in the lungs, which had numerous confluent dark red haemorrhagic lesions. Some of these were subpleural, but slices through the lobes showed that the majority were in the central zone. After 24 h the haemorrhagic consolidation had extended to include much of the lung periphery. Control animals did not show clinical or pathological abnormalities.
Lung his to p a thology
In animals killed or dying at 0.5 h after ifioculation the lungs contained numerous foci of intraalveolar haemorrhage and oedema with no cellular response. Affected areas were located principally in the centre of the lobes. Airway epithelium was normal, though a few terminal bronchioles had intraluminal erythrocytes. By 3 h the areas of alveolar oedema and haemorrhage had increased and contained more fibrin. There were some PMN and occasional macrophages in alveoli, and margination of PMN in pulmonary venules was marked. Airways were normal, though some red cells were present in some small bronchioles. At 24 h lesions extended to the subpleural regions, forming confluent areas of haemorrhagic pneumonia which involved much of the lobes. Although numerous erythrocytes, oedema and fibrin were present in alveoli, they were often almost obscured by a heavy PMN and macrophage infiltration. Destruction of interalveolar septa had occurred in many areas. By 2-4 d, pulmonary lesions were similar to those at 24 h, except that hyaline membranes were present for the first time in a few areas, forming dense eosinophilic masses lining the walls of respiratory bronchioles and alveoli. The bulk of each lobe was filled by an intense inflammatory exudate of oedema fluid, fibrin, PMN and macrophages, which became progressively more organized.
D I S C U S S I O N
This study confirm6 the production by L . pneumophila of a number of proteolytic activities previously demonstrated only in crude preparations (Weaver & Feeley, 1979; Berdal & Fossum, 1982; Berdal et al., 1982; Miiller, 198 1) . Using anion-exchange and gel filtration techniques efficient separation of some of these activities has been achieved. Of particular interest was the one proteolytic activity which caused damage to the skin of guinea pigs. This enzyme was chosen for purification and study in the lung as a potential cause of the tissue damage in Legionnaires' disease. A role for Legionella proteases and toxins has previously been postulated (Thorpe & Miller, 1981 ; Baine, 1985) but the histopathology of the pulmonary damage caused by the purified en?yme in this study provides the first evidence that a Legionella protease can produce lesions which qre closely similar to those of experimental Legionnaires' disease (Baskerville et al., 1981, 1986) .
The tissue-destructive protease eluted from Sephadex G-100 with an apparent M , of 38000 and ran as two closely spaced bands ( M , 41 000 and 42000) on SDS-PAGE. The elution profile from Sephadex G-100 makes it unlikely that these two bands are subunits of a larger native
